A weak-coupling superconductivity in electron doped NaFeo.95Coo.05 As is revealed by 

ARPES 



S. Thirupathaiah, 1 D. V. Evtushinsky, 1 J. Maletz, 1 V. B. Zabolotnyy, 1 A. A. Kordyuk, 1 ' 3 T. 
K. Kim, 2 S. Wurmehl, 1 M. Roslova, 1 ' 4 I. Morozov, 1 ' 4 B. Biichner, 1 ' 5 and S. V. Borisenko, 1 
1 Leibniz- Institute for Solid State and Materials Research Dresden, P.O.Box 270116, D-01171 Dresden, Germany 
2 Diamond Light Source Ltd., Didcot, Oxfordshire, 0X11 ODE, United Kingdom 
3 Institute of Metal Physics of National Academy of Sciences of Ukraine, 03142 Kyiv, Ukraine 
4 Department of Chemistry, Moscow State University, 119991 Moscow, Russia 
5 Institut fur Festkorperphysik, Technische Universitdt Dresden, D-01171 Dresden, Germany 

(Dated: December 6, 2012) 

We report a systematic study on the electronic structure and superconducting (SC) gaps in 
electron doped NaFeo.95Coo.05As superconductor using angle-resolved photoemission spectroscopy. 
Hole-like Fermi sheets are at the zone center and electron-like Fermi sheets are at the zone corner, 
and are mainly contributed by xz and yz orbital characters. Our results reveal a in the range 

of 1.8-2.1, suggesting a weak-coupling superconductivity in these compounds. Gap closing above 
the transition temperature (T c ) shows the absence of pseudogaps. Gap evolution with temperature 
follow the BCS gap equation near the T, Z, and M high symmetry points. Furthermore, an almost 
isotropic superconductivity along k z direction in the momentum space is observed by varying the 
excitation energies. 

PACS numbers: 74.70.Xa, 74.25.Jb, 79.60.-i, 71.20.-b 



I. INTRODUCTION 

Hand full of iron based superconductors have been ex- 
posed since the discovery of high T c superconductivity in 
LaFeOi-^F^As 1 . But a heated debate on the mechanism 
of pairing glue is still running among the researchers. At 
an early stage of the discovery several theoretical reports 
undoubtedly argued that the mechanism of superconduc- 
tivity in these materials is related to the short range spin- 
fluctuations (SFs) induced by the Fermi surface nesting 
between the disconnected Fermi sheets at the Brillouin 
zone center and the zone corner 2 ^, this is further sup- 
ported by several experimental observations^^. Uncov- 
ering the nodal superconductivity in some class of fer- 
ropnictides questions whether the mechanism of super- 
conductivity is based on the Fermi surface nesting 9 -"^. 
Nowadays, there is a growing consensus that the cou- 
pling of strong orbital fluctuations to the spin fluctua- 
tions may serve as the pairing mechanism in these super- 
conductors^^. 

The first non-magnetic Fe based superconductor 
LiFeAs, with a T c of 18 K does not exhibit a spin density 
wave order (SDW) and also shows an absence of nest- 
ing conditions, challenging the existed theories of super- 
conductivity in the Fe-based superconductors^^ 1 . On 
the other hand, the NaFeAs superconductor belonging 
to the same Ill-family, shows a SDW order co-existing 
with superconductivity 19 . Interestingly, the issues on SC 
gap structure and gap sizes are still under debate for this 
compound. A recent London penetration depth data re- 
vealed a nodal gap structure in an optimally Co doped 
NaFeAs superconductor^, whereas the thermal conduc- 
tivity measurements showed a fully gaped superconduc- 
tivity^. On the other hand, an ARPES study reported 
SC gap of 6.5 meV for the hole pockets and of 6.8 meV 



for the electron pockets^. Whereas the tunneling spec- 
troscopy measurements suggested an average gap of 4.5 
meV 23 24 . Nevertheless, most of the reports suggested 
that the NaFei-^Co^As superconductor is in close prox- 
imity to a strong-coupling superconductivity. 

In this letter we report a systematic study on the elec- 
tronic structure and SC gaps in the optimally doped 
NaFeo.95Coo.05As superconductor. Our results show a 
maximum gap A = 3.3 ± 0.3 meV on hole pockets and is 
of 2.9 ± 0.3 meV on electron pockets. From temperature 
dependent ARPES measurements we show that the SC 
gap closes above the transition temperature (T c ), sug- 
gesting an absence of pseudogaps in these compounds. 
Our results clearly demonstrate that the gap evolution 
with temperature follow the BCS gap function near the 
T, Z, and M high symmetry points. From photon en- 
ergy dependent measurements we also observe an almost 
isotropic superconductivity along k z direction in the mo- 
mentum space. 



II. EXPERIMENTAL DETAILS 

Angle-resolved photoemission spectroscopy (ARPES) 
is a vital tool to study the electronic structure and mo- 
mentum and temperature dependent SC gaps. All of our 
measurements were carried out at the UE-112 beam-line 
equipped with l 3 ARPES end station located in BESSY 
II (Helmholtz zentrum Berlin) synchrotron radiation cen- 
te r 25 l 26 i Photon energies for the measurements were var- 
ied between 15 eV to 50 eV. The energy resolution was 
set between 3 meV to 6 meV depending on the excita- 
tion energy. Data were recorded at a chamber vacuum 
of the order of 9 x 10 -11 mbar and the sample tem- 
perature was varied between 1 K to 25 K. We employed 
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Fig. 1: (color online) (a) is the FS map taken in the k x — k y 
plane measured using s-polarized light with an excitation en- 
ergy hv=80 eV, and inset is the map around F taken at 30 
meV below the Fermi level (Ep). (b) and (c) are the energy 
distribution map (EDM) cuts taken at T (along the direc- 
tion shown on FS map) measured using p- and s-polarized 
lights, respectively, (d) is EDM cut taken at the M-point. 
Dashed lines on the EDMs are guides to the eye, representing 
electronic band dispersions, (e), (f), and (g) are the energy 
distribution curves (EDCs) of EDMs shown in (b), (c), and 
(d), respectively, (h) is the FS map taken in the k\\ —k z plane 
measured using p-polarized light, (i) and (k) show the re- 
sultant EMDs from the addition of EDMs measured using s- 
and p-polarized light taken at k z =0 and tt at the zone center, 
respectively, (j) and (1) are the respective second derivatives 
of the EDMs show in (i) and (k). In the figure p- and s- 
polarized photons are indicated by double circles and double 
sided arrow, respectively. 



various photon polarizations in order to extract the com- 
plete nature of the electronic structure. Single crystals of 
NaFeo.95Coo.05As were grown using the self- flux method 
and the samples showed superconductivity at a transition 
temperature T c = 18 K. 
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Fig. 2: (color online) Top panel shows the EDMs measured 
with an excitation energy hv = 20 eV when the sample is in 
normal state (T = 23 K) . Bottom panel shows second deriva- 
tives of the respective EDMs. 



III. 



RESULTS AND DISCUSSSION 



Figure [TJa) depicts the Fermi surface (FS) map mea- 
sured using an excitation energy hv = 80 eV and s- 
polarized photons in the k x — k y plane. The data were 
recorded at a sample temperature of 1 K. We observe 
hole-like Fermi sheets at the zone center and an electron- 
like Fermi sheet at the zone corner. Figures []Jb) and 
(c) show energy distribution map (EDM) cuts taken at 
the zone center along the direction shown by red arrow 
at T in Fig. [TJa) which were measured using p- and s- 
polarized photons, respectively. From the EDM cuts we 
could extract three hole-like band dispersions c*i, «2, and 
as at the zone center. Similarly, from an EDM cut taken 
at the zone corner [see Fig. [ijd)] we could observe an 
electron like band dispersion /3. At the zone center we 
can see that the band as hybridizes with «2 and [see 
Figs. [TJb), [TJc), and^Je)], leads to a gap opening (E g ) 
for the band a<i. We further show that the band 0^3 does 
not hybridize with ol\ [see Figs.[2|a) and (2^d)], and thus 
no gap is opened for this band. At the moment the phys- 
ical origin of selective band hybridization is unclear for 
us, but a plausible reason could be related to the or- 
bital ordering of the hole pockets^. Figures me), (f), 
and (g) show energy distribution curves (EDCs) of the 
EDMs that are shown in (b), (c) and (d), respectively. 
Applying measuring geometry and photon polarization 
dependent selection rules we could assign xz/yz orbital 
character for the bands ai, ol^, and f3 and for the band 
as we assign xy orbital character. 

Further, Fig. [TJh) depicts the Fermi surface map 
taken at the zone center in the fen — k z plane mea- 
sured using p-polarized light. The high symmetry 
points T and Z are iden tified using the formula k z = 
0.5123 y / Eki n cos 2 (0) + Vb, here the inner-potential Vb = 
15 eV and the distance T — Z = 2n / c = 0.89A -1 , is calcu- 
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lated using the lattice parameter c = 7.09 A 19 . From the 
EDM cut taken at T-point [Fig. [TJi) and (j)] we can see 
that the band a 2 disperses up to the Fermi level (Ep) but 
posses a negligible Fermi vector, and a\ stays well below 
E F . On the other hand, at Z [Fig.[TJk) and (1)] we could 
observe the band a 2 crosses Ep at a Fermi vector hp = 
0.082 ± 0.01 A -1 and ot\ disperses up to Ep and touches 
it. These results suggest a substantial k z dispersion for 
the bands a\ and (\2 at the zone center. 

Hole pockets at the zone center and electron pockets 
at the zone corner resemble the common electronic struc- 
ture of all iron pnictides. However, a gap opening at 
the zone center makes a complicated electronic structure 
near the Fermi level in these compounds when compared 
to the other Fe-based superconductors 2 ^. Nevertheless, 
our results on the electronic structure are qualitatively 
in agreement with the band structure calculations and as 
well as with the published ARPES studies on the NaFeAs 
related compound o 29 " 32 [ 

In order to extract the SC gap evolution with tempera- 
ture we have performed temperature dependent ARPES 
measurements at the zone center and zone corner. In 
Figs. [3fa), (b) and (c) we show integrated energy dis- 
tribution curves (IEDCs) of the band 0L2 as a function 
of temperature measured using the excitation energies 
Yiv = 20, 27, and 39 eV [see Fig. [TJh) for corresponding 
k z vectors in the momentum space], respectively. From 
Figs.[3^a)-(c) one can clearly see that the coherent states 
near the Fermi level gradually decrease up on increas- 
ing the sample temperature during a crossover from SC 
phase to a normal state, and no coherent states are ob- 
served above the critical temperature T c = 18 K. The 
gaps were extracted by fitting IEDCs with the Dynes 
function (solid curves). Dynes function fit to an IEDC is 
robust and complete analysis can be found elsewhere^. 
We obtained a superconducting gap A = 3.3 ± 0.3 meV 
at a sample temperature of 1 K using the photon en- 
ergy 20 eV. Applying the similar procedure we extracted 
the gaps at various temperature and plotted them in 
Fig.[4^c). Similarly, the gap evolutions with temperature 
for other photon energies are also plotted in Fig. [4^c). 
Using the temperature dependent BCS gap function, 

A(T) = A(0) tanh[^ya(^)(^ - 1)], we could nicely 

fit all the plots as shown in Fig. |4^c). Here, 5 SC = K ^ T . 

And the constant a(^f-) is a specific heat jump in the SC 
phas e, wh ich is taken to be « 1 under the weak-coupling 
limipEU. 

Figures [4^a) and (b) show IEDCs of the band j3 mea- 
sured using the photon energies 20 eV and 23 eV, respec- 
tively at various temperatures. Applying the above men- 
tioned fitting procedure we obtained a SC gap of 2. 9± 0.3 
from the 20 eV data and 2.8± 0.3 meV from the 23 eV 
data when the sample is at 1 K. The gap evolution with 
temperature is plotted in Fig. [4^d) for both photon en- 
ergies. Most importantly, all the bands show gap closing 
above T c , which is in well agreement with Ref. 36 where 
they reported absence of pseudogaps in the optimally Co 
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Fig. 3: (color online) Integrated energy distribution curves 
(IEDCs) of the band a? as a function of temperatures mea- 
sured with photon energy 20 eV (a), 27 eV (b), and 39 eV (c). 
(d) shows the IEDCs as a function of excitation energy mea- 
sured at a sample temperature of 1 K. Solid curves in figure 
represent Dynes function fitting to the IEDCs (see text), (e) 
shows the ranges of momentum integration (red blocks) used 
to extract the EDCs shown in (a), (b) and (c) 



doped NaFeAs superconductor and further demonstrated 
that the pseudogaps exist only in the overdoped com- 
pounds. Furthermore, our results support the in-plane 
momentum independent superconductivity in these com- 
pounds with a gap ratio A a2 /Ap = 1.17 (calculated from 
the 20 eV d ata), and is consistent with the previous re- 
ports as wel l 22 | 36 i 

The main and important observation from our data 
is that the SC gap sizes at both the zone center and 
corner are significantly smaller than the sizes (6.5 meV 
for the hole pockets and 6.8 meV for the electron pock- 
ets) reported from a similar ARPES technique 2 - 2 ^. In 
order to understand discrepancies in the gap sizes, we 
have followed the same procedure that is used in Ref. [22j 
In Fig. [5|a) we show symmetrized IEDCs of the band 
OL2 measured with photon energy 20 eV at various tem- 
peratures. The symmetrized IEDCs are fitted using a 
spectral function of the self-energy, E(fc,u;) = —iT\ + 
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Fig. 4: (color online) IEDCs are taken as a function tem- 
perature for the band f3 measured with photon energy 20 eV 
(a) and 23 eV (b). Insets in (a) and (b) show the range of 
momentum integration (red block) used to extract the EDCs. 
(c) is SC gap evolution with temperature measured at various 
photon energies for the band oli. (d) is the same as (c) but 
taken from the band f3. 



A 2 /[(cj + i0 + ) + e(k)] 37 . Here T 1 is the single-particle 
scattering rate and is considered uo independent. The 
derived SC gaps in this method are again well in agree- 
ment with the ones presented in Fig. [4^c), and plotted 
them against sample temperature as shown Fig. [5jb). 
Next, in Fig.[5|c) we show the scattering rates as a func- 
tion of temperature. One can clearly see in Fig. [5|c) 
that the scattering rates are strongly temperature de- 
pendent. Furthermore, a sharp decrease below T c show- 
ing the quality of the crystal. We found Y\ = 2.2 meV 
for the holes and of 4.5 meV for the electrons (data is 
not shown) at a sample temperature of 1 K. These are 
much smaller than the scattering rates, 7 meV for the 
holes and 9 meV for the electrons reported in Ref. [22j 
Therefore from these observations we suggest that the 
larger gaps in Ref. [22] may not entirely linked to super- 
conductivity due to their existence well above T c with 
large scattering rates. Most of the reports on SC gaps in 
NaFei-^Co^As estimated from the coherence peak posi- 
tiorP^HH] This method generally overestimates the gap 
size due to the convoluted spectral resolution function^. 
Recent tunneling spectroscopy measurements on the op- 
timally doped NaFei-^Co^As reported a gap of ~ 4.5 
meV, calculated from the distance between two coher- 
ence peaks^^U. On the other hand, we also observe the 
coherence peak around 4.3 meV for all the bands reported 
in this article. However, various fitting methods revealed 



the gap smaller than the coherence peak position. 

Next we will discuss the k z dependent SC gaps at the 
zone center. In Fig.|3jd) we show IEDCs measured using 
the photon energies 20, 27, and 39 eV. We obtained a 
gap of 3.2±0.3 meV with 27 eV and 3±0.3 meV with 39 
eV. From Fig. [TJh) we can notice that the photon 27 eV 
is close to the T-point and 39 eV is close to the Z-point 
in the momentum space. Therefore, our results are sug- 
gesting a k z independent superconductivity in these com- 
pounds with a gap ratio Ap / A^ = 1.07. A recent ARPES 
study on Tl .63K .37Fei.78Se2 also showed isotropic SC 
gaps along the k z direction^. It has been reported that 
in iron pnictides the SC gap at Z is smaller compared to 
the size at J 38 * 4Q i This is explained as the inter-orbital 
pairing interaction between the hole and electron pockets 
is relativel y weak er compared to the intra-orbital pairing 
interaction * 12 l 27 [ A transformation of the orbital charac- 
ter from xz/yz to z 2 has been observed while going from 
r to Z in the case of 122 systems 41 . Therefore in k z 
= 7r plane we have an inter-orbital interaction between 
hole (z 2 ) and electron pockets (xz/yz) and in the k z = 
plane an intra-orbital interaction is realized between hole 
(xz/yz) and electron pockets (xz/yz). Hence anisotropic 
SC gaps are expected in the k z direction. Whereas our 
results show an isotropic superconductivity in these com- 
pounds at the zone center, and we do not expect a dif- 
ferent behavior at the zone corner. 

It has been suggested that the Fermi surface nesting 
is crucial for acquiring superconductivity in iron pnic- 
tide J 27 | 42 l On the other hand, several ARPES studies 
show imperfect nesting in the doped iron pnictide d 41 * 43 * 44 l 
In the present study we do see an absence of nesting con- 
ditions between ol2 and j3 in the k z =0 plane. Whereas 
there could be a substantial nesting in the k z = tt plane. 
But in both planes we observe equivalent SC gaps at the 
zone center. Now this questions whether the FS nest- 
ing plays an important role in iron pnictides. Mostly, it 
appears that the superconductivity is proximity to the 
Fermi surface topological transition, which seems to be 
a common feature in all the iron based conductor d 18 * 45 *. 
Nevertheless, the presented k z independent SC gaps in 
this article can not be explained by a simple FS nest- 
ing mechanism. Perhaps a theory of orbital-fluctuations 
coupled to the spin-fluctuations might be needed in order 
to understand the in-plane and out-of-plane momentum 
independent superconductivity in these compounds^^. 



IV. 



CONCLUSIONS 



In conclusion, the electronic structure of 
NaFeo.95Coo.05As superconductor is different from 
other ferropnictides in the sense that a gap (E g ) is 
opened at the zone center due to the hybridization 
between the hole-like bands. Our observations on the 
electronic structure are in qualitative agreement with 
the DFT band structure calculations and published 
ARPES reports on these compounds. Obtained SC gaps 
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Fig. 5: (color online) (a) Symmetrized IEDCs of the band oli 
measured with the photon energy 20 eV. (b) SC gap evolu- 
tion with temperature exctracetd from (a), (c) Single-particle 
scattering rates as a function of temperature. 



at various high symmetry points are within the range of 



2.8-3.3 meV, and corresponding K ^ T are in the range 
of 1.8-2.1. This is clearly suggesting that the optimally 
electron doped NaFeo.95Coo.05As superconductor is close 
to the BCS weak-coupling limit (1.76). Gap closing 
above the transition temperature (T c ) shows the absence 
of pseudogaps. Gap evolution with temperature follow 
the BCS gap equation near the T, Z, and M high sym- 
metry points. Furthermore, we observed in-plane and 
out-of-plane momentum independent superconductivity 
in the NaFeo.95Coo.05As superconductor. Thus, our 
observations put this compound in the weak-coupling 
limit of the Ill-family of iron pnictides, such as LiFeAs 
superconductors. 
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